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Abstract

REACTIVATION OF AN IDLE LEASE TO INCREASE HEAVY OIL
RECOVERY THROUGH APPLICATION OF CONVENTIONAL STEAM DRIVE
TECHNOLOGY IN A LOW DIP SLOPE AND BASIN RESERVOIR IN THE
MIDWAY-SUNSET FIELD, SAN JOAQUIN BASIN, CALIFORNIA

Cooperative Agreement No.: DE-FC22-95BC14937

A previously idle portion of the Midway-Sunset field, Aera Energy’s Pru Fee property, has been
brought back into commercial production through tight integration of geologic characterization,
geostatistical modeling, reservoir simulation, and petroleum engineering. This property, shut-in
over a decade ago as economically marginal using conventional cyclic steaming methods, has a
200-300 foot thick oil column in the upper Miocene Monarch Sand. However, the sand has a
shallow dip (about 10°), thus inhibiting gravity drainage, lacks laterally continuous steam barriers
within the pay interval, and has a thick water-saturated transition zone above the oil-water
contact. These factors have required an innovative approach to steam flood production design
that balances optimal total oil production against economically viable production rates and
performance factors, such as OSR and OWR. The methods used in this DOE Class III oil
technology demonstration are accessible to most operators in the Midway-Sunset field and could
be used to revitalize properties with declining recovery of heavy oils throughout the region.

In January 1997, the project entered its second and main phase with the purpose of demonstrating
whether steam flood can be an effective mode of production of the heavy, viscous oils from the
Monarch Sand reservoir. A steam flood pilot consisting of four 2 acre nine-spot patterns was
developed in the center of the property and put on line. During 1998, ARCO Western Energy
drilled 37 additional wells on the property outside of the steam flood pilot and began producing
them by cyclic steam injection. In January 2000, the new operator of the property, Aera Energy
LLC, converted all 37 cyclic wells into ten additional nine-spot steam flood patterns that flank the
original DOE pilot on the south, west and north. To convert from cyclic to steam flood Aera
Energy LLC drilled 10 additional injectors and three additional temperature observation wells on
the property. The only portion of the property not now in steam flood is the very southeast corner
where the Monarch Sand pay is less than 200 ft thick. The objective of the project is not just to
commercially produce oil from the Pru Fee property, but rather to test which operational
strategies best optimize total oil recovery at economically acceptable rates of production volumes
and costs.

As of March 2001, after 49 months of steam flood production of the four-pattern pilot and 30-35
months of cyclic/steam flood production of the surrounding 10 patterns, the total cumulative
production of oil from the Monarch Sand stands at 1,066,192 bbls. More than half (562,366 bbls)
of that oil was from the four-pattern Pru Fee steam flood pilot; the remainder was from 10-pattern
array formed by wells drilled in 1998. Steam flood design principles developed and
demonstrated for this project now have been adopted with dramatic oil recovery improvement in
an adjacent lease in the southern Midway-Sunset field.






Executive Summary

REACTIVATION OF AN IDLE LEASE TO INCREASE HEAVY OIL
RECOVERY THROUGH APPLICATION OF CONVENTIONAL STEAM DRIVE
TECHNOLOGY IN A LOW DIP SLOPE AND BASIN RESERVOIR IN THE
MIDWAY-SUNSET FIELD, SAN JOAQUIN BASIN, CALIFORNIA

Cooperative Agreement No.: DE-FC22-95BC14937

A previously idle portion of the Midway-Sunset field, Aera Energy’s Pru Fee property,
has been brought back into commercial production through tight integration of geologic
characterization,  geostatistical ~ modeling, reservoir  simulation, and  petroleum
engineering. This property, shut-in over a decade ago as economically margmal using
conventional cyclic steaming methods, has a 200-300 foot thick oil column in the
Monarch Sand, part of the upper Miocene Belridge Diatomite Member of the Monterey
Formation. However, the sand has a shallow dip (about 10°), thus inhibiting gravity
drainage, lacks effective steam barriers within the pay interval, and has a thick water-
saturated transition zone above the oil-water contact. These factors have required an
innovative approach to steam flood production design that balances optimal total oil
production against economically viable production rates and performance factors, such as
OSR and OWR. The methods used in this DOE Class I oil technology demonstration
are accessible to most operators in the Midway-Sunset field and could be used to
revitalize properties with declining recovery of heavy oil throughout the region.

The Midway-Sunset field was discovered in 1894, however, it took nearly a decade for
commercial production to begin. The original 13 wells drilled on the Pru Fee property in
the early 1900’s were operated in primary production by Bankline Oil Company prior to
1959, then Signal Oil Company until 1969, when infill drilling and cyclic steaming was
initiated by Tenneco Oil & Gas Company. During the half century of primary production
nearly 1.8 MMBO was produced from the Pru property, 114 to 151 MBO per well, but
production declined steadily reaching insignificant quantities by the late 1960’s. Cyclic
steaming was partially successful in extracting the remaining viscous 13° API oil until
the Pru Fee property was shut down in 1986 as uneconomic. Total secondary recovery
from the 40 acre site peaked at about 300 bopd in 1972, but by the time the property was
shut-in it had dropped to less than 10 bopd. ARCO Western Energy (AWE) acquired the
lease in 1988 along with various producing properties in the Midway-Sunset field. On
October 31, 1998 all of the AWE properties in the southern San Joaquin basin, including
Pru Fee, were passed through Mobil with simultaneous closing and transfer to Aera
Energy LLC, a Shell-Mobil joint-venture company. AWE continued to operate the
property on contract to Aera Energy LLC until December 31, 1998, at which time
operatorship passed to Aera Energy LLC.

In June 1995, the shut-in Pru Fee property was selected for a DOE Class 3 oil technology
demonstration. The work to revitalize the property started in October 1995. Initially, this

vil



resulted in the renovation of old wells and cyclic production facilities at the site and the
drilling of two new wells, Pru 101 and TO-1. Pru 101 was cored, steam stimulated, then
put into production. Several old wells in the center of the property were recompleted and
put into cyclic production to evaluate the feasibility of thermal recovery at this marginal
site. In January 1997 the project entered its second and principal phase with the purpose
of demonstrating in an 8 acre four-pattern pilot whether steam flood can be an effective
mode of production of the heavy, viscous oils from marginal, low-dip portions of the
Monarch Sand reservoir where conventional cyclic steaming appeared, from prior
experience, to be non-commercial.

The early production success of the pilot and the discovery of significant quantities of oil
in the Pleistocene Tulare Formation during the preparation of the steam flood pilot lead
AWE early in 1998 to expand operations elsewhere in the Pru Fee property. Thirty-seven
additional wells in the Monarch Sand surrounding the steam flood pilot were put on line
in 1998 and early 1999. By mid-1999 these cyclic wells had reached oil rates in the range
363 to 381 bopd. In just a year, they had already produced an additional 129.7 MBO
over and above production from the steam flood pilot. Upon acquiring the property in
January 1999, Aera Energy LLC began modifications to the infrastructure at Pru Fee and
all adjacent properties that a year later resulted in conversion of all new "300-series"
cyclic wells to steam flood patterns.

As of March 2001, after 49 months of steam flood production of the four-pattern pilot
and 30-35 months of cyclic/steam flood production of the surrounding 10 "300-series"
patterns, the total cumulative production of oil from the Monarch Sand was 1,066,192
bbls. More than half (562,366 bbls) of that oil was from the four-pattern Pru Fee steam
flood pilot; the remainder was from 10-pattern array formed by wells drilled in 1998.

Reservoir simulations with geostatistically generated data sets revealed that the initial
fluid distribution in the reservoir had the most significant impact on the economics of the
steam flood process. The production strategy adopted in the steam flood pilot involved
steam injection within the upper third of the oil column, where the oil saturation (So) is
greater than 50%, so as to avoid undue loss of heat to water. It was subsequently learned
from examination of wells drilled for the "300-series" cyclic to steam flood conversion
that the "mitial" fluid distributions in the Monarch Sand are highly variable. Optimal
production requires a more flexible strategy for completion of the injectors than that
adopted for the pilot.

It is highly likely that without the incentives to ARCO Western Energy (AWE) to partner
with the DOE Class Program in carrying out this oil technology demonstration, the Pru
Fee property never would have been brought back into production. Based on historic
performance and the existing geologic evaluation, it was known to be a highly marginal
property.  Yet, in the four and a half years since the initiation of project the total
production from this 40 acre shut-in tract has gone from zero to nearly 1,400 bopd. In
addition, the two operators, AWE and Aera Energy LLC, have invested, without a DOE
matching contribution, in a total of 54 new producers external to the steam flood pilot, 10
new injectors increasing the number of steam flood patterns from 4 to 14, three additional
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temperature observation wells, and the steam generation/distribution infrastructure to
support the expanded operations. Total production from just the Monarch Sand reservoir
at the Pre Fee property from the end of 1995 through March 2001 is 1,066.1 MBO.

Aera Energy LLC, observing the manner in which the injectors in the four-pattern Pru
Fee pilot were completed, adopted the concept of a large stand-off from the OWC in
injector workovers in the “low dip” portion of the Kendon lease immediately west of Pru
Fee. The new perforations were placed in the uppermost one-third to one-half of the
Monarch Sand, well above the OWC and the Sw transition zone, and deeper existing
perforations sealed. It is reported that response from the injector workover using the
recommended standoff from the OWC has been outstanding. Increases in oil rates in the
renovated patterns average 25 bopd per well with a total increase being over 900 bopd.
The OSR increased from 0.20 to 0.35 and the water cut improved.

In order to keep the petroleum industry well informed about the progress and technical
success of this project members of the project team have pursued a program of proactive
technology transfer. This has included issuing updates on the project in publications
likely to be read by thermal recovery operators. Also there have been numerous
presentations, many invited, at research conferences, technical meetings and professional
conventions.  These gatherings have been sponsored by the Petroleum Technology
Transfer Council (PTTC), the American Association of Petroleum Geologists (AAPG)
and the Society of Petroleum Engineers (SPE). We even accepted an invitation to
describe the project at an AAPG-AMGP international research conference on mature
field development in Veracruz, Mexico. Normally there were several such professional
presentations each year of the project. In addition, the team has responded to requests by
individual operators for reports and in-house presentations.
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Chapter 1

Introduction

General Statement

A previously idle portion of the Midway-Sunset field, Aera Energy’s Pru Fee property,
has been brought back into commercial production through tight integration of geologic
characterization,  geostatistical ~ modeling, reservoir  simulation, and petroleum
engineering.  This property, shut-in over a decade ago as economically marginal using
conventional cyclic steaming methods, has a 200-300 foot thick oil column in the
Monarch Sand. However, the sand lacks effective steam barriers and has a thick water-
saturation zone above the oil-water contact. These factors require an innovative approach
to steam flood production design that will balance optimal total oil production against
economically viable steam-oil ratios and production rates. The methods used in this DOE
Class III oil technology demonstration are accessible to most operators in the Midway-
Sunset field and could be used to revitalize properties with declining production of heavy
oils throughout the region.

Geologic Setting

The Midway-Sunset field (Fig. 1-1) is the site of the largest thermal enhanced oil
recovery operation in the United States. Cyclic, steam flood, hot-water and i situ
combustion (fire-flood) technologies are utilized on an ongoing basis within various parts
of the field (Lennon, 1990). Indeed, thermal enhanced recovery methods, now standard
in all portions of the field since the early 1960’s, are responsible for pulling the field out
of a steady decline in production (Nilsen et al, 1996). As a consequence of intensive
application of thermal enhanced recovery methods, production rates increased four-fold
and currently stand are in excess of 159.0 MBOPD (DOGGR, 2001), making Midway-
Sunset California's largest oil field and the third largest in North America in terms of
daily production. The scale of the operation is impressive. Over 11,300 wells are
producing from an area 21,830 ac in size. Cummulative production from the field
through 2000 is 2,596 MMBO and 563 BCF of gas. Estimated remaining recoverable
reserves are in excess of 860 MMBO. A major goal of this project is to further increase
production and extend the life of the field by encouraging investment in portions of the
field previously considered economically marginal for geologic or operational reasons.

The Midway-Sunset field lies along the up-turned western margin of southern San
Joaquin Basin (Fig. 2-2) where late Miocene basin-center sands encased in organic-rich
diatomite of the Monterey Formation lie close to the surface covered by just a thin cover
of Pliocene and Pleistocene fluvial-lacustrine mudstones and sands. The upper Miocene
sands were emplaced into the basin from the granitic Salina Block immediately west of
the strike-slip Sand Andreas fault, probably through point-source fan delta systems. In
the Midway-Sunset field the upper Miocene sand reservoirs are "sediment dump” debris
flows and proximal turbidites of considerable thickness, but irregular lateral continuity.



Transpressional growth folds forming adjacent to the tectonically active Sand Andreas
system guided the basin sands into the synclines on the basin flood, thus creating
reservoir "sweet spots”" (Fig. 1-3). The Pru Fee property is located immediately south of
the Spellacy anticline (Fig. 1-2) in a possible paleo-synclinal trough.

Although true anticlinal traps are common through most of the southern San Joaquin
Basin, the oil pools in the Midway-Sunset field generally are related to unconformity or
combination traps (Fig. 1-4). These are controlled by nested unconformities on the east-
dipping Temblor Range with the top seal being Pleistocene Tulare shales' Pliocene
Etchegoin shales, or diatomite mudstone within the upper Monterey Formation itself.
The diatomite mudstone encasing the sand bodies serves as both the lateral seals and the
source rock. The trap at the Pru Fee property is an unconformity at the base of Etchegoin
shales.

DOE Class 3 Oil Technology Demonstration

The very poor performance of the property at the time it was shut-in in 1986 and the
marginal thermal recovery from a new cyclic test well drilled and operated in 1985 had
convinced the asset managers that Pru Fee no longer had commercial potential. The low-
dip of the reservoir (Fig. 1-5) and thin-pay interval (Fig. 1-6) appeared to condemn the
property to remaining shut-in. The adjacent Kendon lease was being successfully
produced, but there the dips of strata were high and gravity drainage served as an
effective mechanism to move steam-heated oils towards the producers. In the low-dip
strata at Pru Fee, it was thought that this mechanism would not be effective. However, it
was a goal of the DOE Class 3 oil technology demonstration program to urge domestic
operators by example to use innovative, cost-effective methods to extend the commercial
life of their oil properties. The Pru Fee property, then owned by ARCO Western Energy
(AWE), seemed an ideal candidate for a Class 3 project to show how properly managed
steam flood might provide sufficient reservoir energy to revive this discarded oil asset. If
successful, there were at the time the project began 28 additional shut-in properties in the
Midway-Sunset field (Fig. 1-1; Table 1-1), all of which were candidates for renovation.

In June 1995, the shut-in Pru Fee property was selected for a DOE Class 3 oil technology
demonstration. The work to revitalize the property started in October 1995. Initially, this
resulted in the renovation of old wells and cyclic production facilities at the site and the
drilling of two new wells, Pru 101 and TO-1. Pru 101 was cored, steam stimulated, then
put into production. Several old wells in the center of the property were recompleted and
put into cyclic production to evaluate the feasibility of thermal recovery at this marginal
site. In January 1997 the project entered its second and principal phase with the purpose
of demonstrating in an 8 acre four-pattern pilot whether steam flood (Burger et al., 1985)
can be an effective mode of production of the heavy, viscous oils from marginal, low-dip
portions of the Monarch Sand reservoir where conventional cyclic steaming appeared,
from prior experience, to be non-commercial.



The early production success of the pilot and the discovery of significant quantities of oil
in the Pleistocene Tulare Formation during the preparation of the steam flood pilot lead
AWE early in 1998 to expand operations elsewhere in the Pru Fee property. Thirty-seven
additional wells in the Monarch Sand surrounding the steam flood pilot were put on line
in 1998 and early 1999. The wells itially were put into cyclic production because
sufficient steam production to support steam flood was not available and to minimize the
mvestment to AWE in new infrastructure immediately prior to the sale of the property to
Aera Energy LLC. By mid-1999 these cyclic wells had reached oil rates in the range 363
to 381 bopd. In just a year, they had already produced an additional 129.7 MBO over and
above production from the steam flood pilot. This number does not count the additional
oil produced from the 20 new cyclic wells in the Tulare Formation in the southern half of
the Pru Fee property that also came on line in 1998-99.

Upon acquiring the property in January 1999, Aera Energy LLC began modifications to
the infrastructure at Pru Fee and all adjacent properties that a year later resulted in
conversion of all new "300-series” cyclic wells to steam flood patterns. This DOE Class 3
oil technology dmonstration was scheduled to end in March 2000, just one year into the
cyclic production and before the performance of the "300-series" conversion of cyclic
production to steam flood could be evaluated. In order to gain additional insight into
optimal operational strategies at this site, the DOE National Office of Petroleum
Technology approved a one-year no-cost extension of this project to allow a side-by-side
comparison of cyclic and steam flood thermal recovery methods and the subsequent
cyclic-steam flood conversion.

As of March 2001, after 49 months of steam flood production of the four-pattern pilot
and 30-35 months of cyclic/steam flood production of the surrounding 10 patterns, the
total cumulative production of oil from the Monarch Sand stands at 1,066,192 bbls.
More than half (562,366 bbls) of that oil was from the four-pattern Pru Fee steam flood
pilot; the remainder was from 10-pattern array formed by wells drilled in 1998.

Monarch Sand Reservoir

Heavy oil production at the Pru pilot is from the upper Miocene Monarch Sand, part of
the Belridge Diatomite Member of the Monterey Formation (Gregory, 1996). The pay
interval is just 1100-1400 ft deep. Like other sand bodies within the Monterey
Formation, it is a deep submarine channel or proximal fan deposit encased in
diatomaceous mudstone (Link and Hall, 1990; Nilsen, 1996). The sand is derived from
an elevated portion of the Salinas block, which during the late Miocene lay immediately
to the west of the San Andreas fault just 15 miles to the west of the site (Webb, 1981;
Ryder and Thomson, 1989). The top of the Monarch Sand, actually a Pliocene/Miocene
unconformity, dips at less than 10° to the southwest. The unconformity bevels downward
at a very low angle to the northwest across the upper portion of the Monarch Sand body
(Schamel, 1999). The net pay zone, which averages 220 ft at Pru, thins to the southeast
as the top of the sand dips through the nearly horizontal oil-water contact (OWC). In the
southeast half of the Pru property a thin wedge of Belridge Diatomite overlies the



Monarch Sand beneath the Pliocene/Miocene unconformity providing a somewhat more
effective steam barrier than the Pliocene Etchegoin Formation, a silty, sandy mudstone.
However, it is the overlying Etchegoin Formation that forms the essential unconformity
trap for the Monarch Sand reservoir in this part of the Midway-Sunset Field.

Average Monarch Sand reservoir characteristics derived from core and the log model
developed for this project (Schamel et al., 1999) are 31% porosity and 2250 md
permeability.  The “initial” (1995) average oil saturation was estimated to be 59%.
However, all wells have a relatively thick transition zone of downward decreasing oil
saturation in the bottom half of the pay interval. The oil $ both heavy and viscous, about
13° API gravity and 2070 cp at the initial (1995) reservoir temperature of 100° F. The
Pru-101 core reveals a dominance of sand-on-sand contacts with only a few relatively
thin intervals of diatomite and silt. The wire-line logs in wells penetrating up to 350 ft of
the reservoir also suggest that the Monarch Sand at this site is essentially a single sand
body with interspersed remnants of diatomite beds, rather than thin stacked sand bodies
encased in diatomite.

Reservoir simulations with geostatistically generated data sets (Schamel, 1999) revealed
that the initial fluid distribution in the reservoir had the most significant impact on the
economics of the steam flood process. The initial fluid distribution was determined by
the placement of the oil-water contact and the resulting transition zone in the reservoir.
The production strategy adopted in the steam flood pilot involved steam injection within
the upper third of the oil column, where the oil saturation (So) is greater than 50%, so as
to avoid undue loss of heat to water. It was subsequently learned from examination of
wells drilled for the "300-series" cyclic to steam flood conversion that the "initial" fluid
distributions in the Monarch Sand are highly variable. Optimal production requires a
flexible strategy for completion of the injectors than that targets steam towards the oil-
rich portions the reservoir, where ever that may be.
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Figure 1-1: Map of the Midway-Sunset field showing location of the Pru Fee property
and other leases shut-in at the start of the project.



Table 1-1

Shut-in leases in the Midway-Sunset field in 1995 prior to the Class 3 project

No. | SEC RGE TWP LEASE OPERATOR ACRES BLM
1 8 11N 23W  [SHEEHAN CENTRAL LEASE 80 Y
2 10 11N 23W  [BOSS UNOCAL 80 Y
3 10 11N 23W |BELRIDGE CHEVRON 40 N
4 17 11N 23W  |[GOVERNMENT TEXACO 80 Y
5 18 11N 23W  |PLIOCENE TEXACO 20 N
6 22 11N 23W  |[LEUTHOLTZ TEXACO 240 N
7 2 11N 24W  |[JAMESON TRUST |McFARLAND 10 N
8 2 11N 24W  |McFARLAND FEE McFARLAND 20 N
9 2 11N 24W  |INORTON SHELL 40 N
10 3 11N 24W  |HEARD & PAINTER |SHELL 118 N
11 3 11N 24W  |[BARNESON TRUST [SHELL 20 N
12 3 11N 24W  |HEARD ESTATE SHELL 20 N
13 12 11N 24W  [SUNSET 12A MOBIL 320 N
14 12 11N 22E JORDAN CHEVRON 80 N
15 27 308 22E THERMAL TEXACO 200 N
16 2 318 22E FARM FEE MOBIL 75 N
17 17 318 22E SEC 17 SANTA FE 439 N
18 20 318 22E MOBIL-BOLIVAR MOBIL 80 N
19 26 318 22E ARMSTRONG MOBIL 20 N
20 22 328 23E McKEON FEE SHELL 40 N
21 22 328 23E B-ZONE BERRY 20 N
22 22 328 23E STRIP McFARLAND 2 N
23 23 328 23E TRANSAMERICA CHAPARRAL 40 N
24 25 328 23E ALTOONA CHAPARRAL 30 N
25 25 328 23E T.W. BERRY 10 N
26 36 328 23E LILLY FEE SHELL 30 N
27 36 328 23E MOCO 36 MOBIL 20 N
28 36 328 23E UNIT No. 4 CHEVRON 20 N
29 36 328 23E PRU FEE ARCO 40 N
2234
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Figure 1-2: Top Monterey Formation structure map showing the position of the Midway-
Sunset field along the upturned eastern edge of the Temblor Range. The transpressional
anticlines form many of the major oil and gas fields in the southern San Joaquin Basin.

In the Midway-Sunset field they combine with nested unconformities to form combination
traps, and more significantly in the late Miocane they concentrated thick sand bodies in
synclinal troughs, such as that occupied by the Pru Fee asset south of the Spellacy
anticline. Modified after Webb (1977
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Figure 1-3: Depositional model for upper Miocene sand bodies within structural
depressions on the western side of the San Joaquin Basin. The Monarch Sand, the
reservoir at Pru Fee, is one of the Spellacy sands. From Gregory (1996).
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Figure 1-4: Typical cross section through the Midway-Sunset field showing the role of
nested unconformities in trapping shallow, heavy oil pools (green) within the upper
Miocene Spellacy and older sands (yellow).
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Figure 1-5: Structure of the top of the Monarch Sand reservoir at Pru Fee showing the
very low dip, about 10° SE, which is seen as a major impediment to gravity drainage of
heated oil towards producers. This is the mechanism responsible for success in the high-
dip portions of the Kendon lease southwest of Pru Fee.
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Figure 1-6: Original AWE map of the thickness of the Monarch Sand pay interval
prepared before the start of the DOE Class 3 project. The thin pay was considered a
serious producibility problem of this asset. However, towards the end of the project the
actual thickness of pay was found to be about 80 ft greater than that shown in this map

10



Chapter 2

History of Oil Production at Pru Fee

Introduction

The Midway-Sunset field was discovered prior to 1880. The original 13 wells drilled on
the Pru Fee property in the early 1900’s were operated on primary production by
Bankline Oil Company prior to 1959, then Signal Oil Company until 1969-1970, when
infill drilling and cyclic steaming was initiated by the Tenneco Oil & Gas Company.
During the half century of primary production nearly 1.8 MMBO (Table 2-1) was
produced from the Pru Fee property, 114 to 151 MBO per well, but production declined
steadily reaching insignificant quantities by the late 1960°s.  Cyclic steaming was
partially successful in extracting the remaining viscous 13° API oil until the Pra property
was shut down in 1986 as uneconomic. Total secondary recovery from the 40-acre site
peaked at about 300 BOPD in 1972, but by the time the property was shut-in it had
dropped to less than 10 BOPD. A total of just over 0.6 MMBO was recovered from the
Monarch Sand during the less than two decades of initial thermal recovery. ARCO
Western Energy (AWE) acquired the property i 1988 along with various producing
properties in the Midway-Sunset field.

The very poor performance of the property at the time it was shut-in and the marginal
thermal recovery from a new cyclic test well drilled and operated in 1985 had convinced
the AWE management that Pru Fee no longer had commercial potential. The low-dip of
the reservoir and thin-pay interval appeared to condemn the property to remaining shut-
in. However, successful oil production in the adjacent high-dip Kendon lease lead an
AWE reservoir engineer, Robert Swain, to draft a steam flood recovery strategy for Pru
Fee. Although reviewed annually in the early 1990's by AWE management, the plan for
restarting oil production on Pru Fee was never approved. It was this in-house document
that served as the basis for the Class 3 proposal submitted by the University of Utah to
the DOE in June 1993, An AWE condition for participation in the oil technology
demonstration was that the University would take the lead as prime contractor and
manage the project. The project's goal was to demonstrate the feasibility of restoring
shut-in thermal recovery operations within the super-giant Midway-Sunset field and
similar heavy oil properties in California. In early 1994 the project, a collaborative effort
by the University, AWE and the Utah Geological Survey, was approved by the DOE.
Even as the project got underway in 1995 there was lingering skepticism within AWE
management of its ultimate success.

The overall progression of oil production from the Pru Fee property can be summarized
in terms of six distinct stages, two preceding this DOE-sponsored oil technology

demonstration and four during the project:

Stage [ (1912-1970): Primary production from 13 wells operated by the Bankline Oil
Company and subsequently Signal Oil Comapny.
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Stage 2 (1966-1986): Initial thermal recovery from 16 cyclic producers operated by the
Tenneco Oil & Gas Company; following the less than two decades of operation the
entire Pru Fee property was shut-in.

Stage 3 (1995-1996): The DOE Class 3 oil demonstration project begins with a feasibility
study and cyclic testing of refurbished wells.

Stage 4 (1997-present): The DOE Class 3 project continues with a full steam flood
demonstration in an 8 acre four-pattern 'pilot’ at the center of the property.

Stage 5 (1998-1999): ARCO Western Energy drills 37 new cyclic producers on the
property surrounding the existing pilot; production from these wells is monitored as part
of the overall oil demonstration project.

Stage 6 (2000-present). Aera Energy LLC converts all of the property to steam flood
using the existing AWE cyclic producers and adding on-site steam generating capacity
and 10 new injectors.

Table 2-1
Volumes of oil and water produced from the Monarch Sand reservoir, volumes of
cyclic or flood steam injected, and performance factors through March 2001. The
volumes are separated by stage of development described above.

Stage Qil (bbls) Steam-C Steam-F | Water (bbls) OSR OWR
1-Primary 1.789.918 337,703 5.30
2-1nitial cyclic thermal 601,544 1,692,466 1,477.889] 0.36 0.41
3-Pilot: cyclic 28.975 200,268 183.774] 0.14 0.16
4-Pilot: flood 533,391 443.824] 1.468,374 2,749.265] 0.28 0.19
5-"300-series": cyclic 201,648 795,882 935,941 0.25 0.22
6-"300-series™: flood 302,178 4226210 2,236,295 1.096.923] 0.1 0.28

Totals = 3,457,654 3,555,061 3,704,669 6,781,495

Total production from the Monarch Sand through March 2001 had reached 3.46 MMBO.
The production during the seven decades prior to the start of the Class 3 project was 2.39
MMBO, or 22% of the estimated 10.84 MMBO original oil in place (OOIP). In just over
four years of operation since the restoration of thermal recovery at Pru Fee in 1997 an
additional 1.07 MMBO has been produced, or 10% of OOIP.

Primary Production on the Pru Fee Property (Stage 1)

The early history of production at Pru (Fig. 21) was researched in 1997 by Kevin Olsen
using the ARCO Western Energy files. The 13 wells produced by the Bankline Oil
Company were distributed rather uniformly across the northern two-thirds of the 40 ac
Pru property (Fig. 2-2). Just four wells - Pru-6, Pru-7, Pru-10, and Pru-11 — were located
within the area of the current steam flood pilot. Although the net pay within the Monarch
Sand reservoir is greatest in the northwest corner of the property and decreases to the
southeast, there is no clear correlation between net pay and the cumulative production per
well. The cumulative oil and water production by well for the period 1912-1970 is
presented in Table 2-2. The oil-water contact rises stratigraphically eastward across the
property. Accordingly, the wells on the east and southeast side of the property show
higher cumulative water production (Figure 2-3) and lower oil-water ratios (OWR; Table
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2-2).  This contrast in water production is well illustrated by comparing the production
decline curves for Pru-1 (Figure 24) in the northwest comer of the property and Pru-11
(Figure 2-5) in the southeast.

Production was entirely primary with a solution gas drive. As a consequence, the total
production rate declined gradually during the century, finally in 1970 reaching less than
10 BOPD (Figure 2-1). During the later part of the primary production the rates of water
production began to rise, in some wells nearly equaling the rates of oil production.
However, this was only in the last decades of primary production. The cumulative oil
production (Table 22) reached 1,789,918 bbls pst prior to the wells being shut m. The
average total primary production per well was 137,686 bbls and the range was 114,235 to
151,110 bbls. It is known that gas was produced, but there are no records of the quantity.
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Figure 2-1: Primary production decline in the 13 Bankline wells on the Pru property.
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Figure 2-2: Location of the 13 Bankline Oil Company wells on the Pru Fee property.
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Table 2-2: Cumulative production, performance factors and dates for the thirteen
Bankline Oil Company wells at Pru Fee during the period 1912 through 1970.

Well | Ol (bbls) | Water (655

Pru-1 146,539 12,657 0.08 11.58 Dec-12 Apr-70
Pru-1A 114,235 9,290 0.08 12.30 Aug-16 Apr-70
Pru-2 136,181 17,047 0.11 7.99 Oct-14 Dec-69
Pru-3 143,807 42,222 0.23 3.41 Now-14 Dec-69
Pru-4 142,517 57,706 0.29 2.47 Feb-15 Mar-70
Pru-5 151,110 45,331 0.23 3.33 Mar-15 Apr-70
Pru-6 144,092 22,406 0.13 6.43 May-15 Sep-65
Pru-7 126,683 11,410 0.08 11.10 Jun-15 Oct-65
Pru-8 157,334 8,123 0.05 19.37 Dec-14 Apr-70
Pru-8A 129,123 7,405 0.05 17.44 Oct-16 Apr-70
Pru-9 127,624 9,909 0.07 12.88 Oct-15 Apr-70
Pru-10 145,487 18,960 0.12 7.67 Aug-15 Apr-70
Pru-11 125,186 75,237 0.38 1.66 Jul-15 Apr-70
Total 1,789,918 337,703

Avgiwell 137,686 25,977 0.15 9.05

8600

@ oi o)

Water (Mbbls}

100 200
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Figure 2-3: Bubble map of cumulative primary oil vs. water production from the thirteen
Bankline wells. Note the higher relative water production in the wells on the east and
southeast parts of the property. Units are thousands of barrels.
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Figure 2-4: Production decline curve for the Pru-1 well in the northwest corner of the
Pru Fee property. The water cut over the life of this well is just 0.08. The total
production of 146.5 MBO is among the highest of the group.
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Figure 2-5: Production decline curve for the Pru-11 well in the southeast portion of the
Pru Fee property. The water cut over the life of this well is 0.37. The total production
of 125.2 MBO is among the lowest of the group.

15



Initial Thermal Recovery Operations (Stage 2)

Thermal enhanced recovery projects in the Midway-Sunset field began on a small-scale
in 1993 and in the Monarch Sand reservoir first in 1995 (DOGGR, 1998). However, it
was only in late 1996 and early 1997 that the first cautious efforts at cyclic steam EOR
began at the Pru Fee property by the Signal Oil Company. Two new wells, Pru-12 and
Pru-13, were positioned along the western side of the property (Figure 2-6), offset from
existing primary producers. These wells appear to have been experimental n that Pru-12
was first cycled in December 1966 shortly after completion, but Pru-13 was operated in
primary until February 1970. Interestingly, Pru-13 performed better during this period
than did the cycled Pru-12 well, 13,983 bbls vs. 9,130 bbls.

Substantial changes in operations followed sale of the property to the Tenneco Oil and
Gas in 1969. Between December 1969 and April 1970 all of the original under-
performing producers were shut-in and Pru-13 was cycled. In addition, 13 new wells
were drilled, completed and put on cyclic EOR between August 1970 and April 1972
(Table 2-3). In general, these new wells were offset from the abandoned primary
producers by 100-200 ft, but occupied much the same area of the property. None of the
primary producers were cycled.

Table 2-3: Cumulative production and steam injection volumes for 16 wells operated
as cyclic steam producers during the period of initial thermal recovery.

Oil (bbis) | Steam (bbls) | Water (bbis mmmm

Pru 12 30,040 57,482 82,558| 0.52 | 0.36 0.73 Oct-66 | Mar-85

Pru-13 52,402 104,697 92,138] 0.50 | 0.57 0.64 May-67 | Oct-85 10
Pru-At 42,457 85,454 82,958| 0.50 | 0.51 0.66 Aug-70| Feb-86 8
Pru-A2 39,816 115,575 90,019] 0.35 | 0.44 0.69 Dec-70] Aug-84 13
Pru-A3 41,602 107,089 115,165] 0.39 | 0.36 0.73 Aug-70| Aug-84 12
Pru-A4 43,032 94,561 155,606] 0.46 | 0.28 0.78 Oct-71| Apr-85 11
Pru-B1 42,152 107,712 93078] 0.39 | 0.45 0.69 Sep-70| Jan-86 12
Pru-B2 43,424 109,487 84.859] 0.40 | 0.51 0.66 Jan-70| Apr-84 10
Pru-B3 51,074 122,287 119,404] 0.42 | 043 0.70 Oct-71]| Apr-85 13
Pru-B4 41,439 105,691 1568,061] 0.39 | 0.26 0.79 Oct-71] Apr-85 13
Pru-C2 36,880 79,641 112,151] 0.46 | 0.33 0.75 Oct-71| Feb-86 9
Pru-C3 49,934 129,678 171,238| 0.39 | 0.29 0.77 Jun-70 | May-86 15
Pru-C4 36,197 98,935 148,620] 0.37 | 0.24 0.80 Nov-71| Apr-85 13
Pru-D1 22,197, 75,691 77,234] 0.29 | 0.29 0.78 Apr-72 | Aug-84 8
Pru-D3 27,887 63,260 106,491] 0.44 | 0.26 0.79 Apr-72 | Oct-85 5
Pru-533 911 20,649 2,886] 0.04 | 0.32 0.76 Feb-85 | Feb-86 2

Totals 601,544 1,477,889 1,692,466 0.39 0.37 0.73

The group of new cyclic well responded quickly to cyclic steaming reaching maximum
project rates in excess of 8000 bopm (270 bopd) within the first year (Figure 2-7). Soon
thereafter (1974-75) the rates had dropped to about 4,000 bopm (135 bopd). From that
point forward in time there was a very gradual decline in production such that by 1985,
the final full year of operation of the wells, production had dropped to 200-300 bopm (7-
10 bopd). It is possible that the decline in production was accelerated by the management
practices of the wells. In the first years of operation (1971-75) the wells were cycled
frequently and with large volumes (20,000-40,000 bspm) of steam, but in all successive
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years cycling was infrequent and less than 10,000 bspm. Steam treatments ended totally
in February 1982. It should be noted, however, that oil rates had fallen off dramatically
even while Tenneco was pursuing an aggressive thermal EOR program.

With the new wells alternating between injection of steam and hot water and production
of fluids, it is not surprising that the water cuts from the wells would be considerably
higher than that of the primary wells. The average water cut for all cyclic wells (Table 2-
3) over the less than two decades of production is .73, but the range from well to well is
considerable, 0.64 to 0.80. This is equivalent to an average OWR of 0.37, and a range of
0.24 to 0.57. As might be expected the largest water cuts (and total water volumes) are
associated with wells in the southeastern portion of the property (Figure 2-8).

Over the life of the initial thermal recovery operation 1,477.9 Mbbls of steam was
injected to produce 601.5 Mbbls of heavy oil and 1,692.5 Mbbls of water. Total oil
production per well varied by just a factor of two (Table 2-3), from a low of 22.2 Mbbls
(Pru-D1) to a high of 52.4 Mbbls (Pru-13). There is no systematic spatial variation in
total well oil production, as there is for water. The same is true for the OSR, which
varies between 0.29 (Pru-D1) and 0.52 (Pru-12). The average OSR of 0.39 is a very
favorable, but with increasingly low oil rates of little significance to the economics of the
operation. The total volumes of steam injected in each well is depicted in Figure 29. A
representative set of steam injection and fluid production curves for the life of a single
representative well (Pru-12) is shown in Figure 2-10.

For reasons that are not clear, Pru-533 was drilled very close to Pru-B2 in February 1985,
cycled twice and then shut-in after only a year in operation. From the standpoint of oil
production the well was a technical failure, tut it can be argued that the test was far too
short. By this time all of the wells on the property were being shut down, a process
started in April 1984 and completed in May 1986. In 1988 this Tenneco fee property,
together with many others still operating, was sold to ARCO Western Energy.
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Figure 2-6: Map showing the thermal recovery wells operating during the period 1966-
1986. Most of the wells were put on-line between late 1970 and early 1972. The shaded
wells are the original primary producers shut-in between December 1969 and April
1970.
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Figure 2-7: Production decline curve for all 16 Tenneco cyclic wells and the large water
cuts once steam injection began in earnest in late 1970. The last well was shut-in in May
1996.
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Figure 2-8: Bubble map showing the relative quantities of oil vs. water produced by
each of the initial thermal recovery wells operating between 1966 and 1986. The wells in
the east and south produced slightly less oil, but considerably more water than those in
the northwest part of the property.
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Figure 2-9: Bubble map showing the total quantities of steam injected into each of the 16
initial thermal recovery wells operating in the period 1966-1986. The differences in
produced volumes (Figure 2-8) cannot be explained by the differences in steam injected.
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Figure 2-10: Fluids production and steam injection curves for a representative cyclic
thermal well, Pru-12, located in the western part of the property. This well was cycled
six times between 1966 and 1978, and continued to produce for six additional years
without additional steam injection.
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DOE-sponsored Qil Demonstration Project

General statement

The DOE-sponsored Class 3 oil demonstration project proceeded in two separate phases.
Phase 1 was an 18-month feasibility study to evaluate the technical and economic
viability of the proposal to operate the property in steam flood. This study involved
parallel activities of a comprehensive reservoir characterization, production simulation
and economic modeling investigation together with cyclic steaming baseline tests (Phase
3) of renovated existing and a new well on site. Once the feasibility of the project was
demonstrated, an actual field demonstration could occur. Initially, this activity was
planned to be a single steam flood pilot (Phase 4) near the center of the property that
would have ended early in the year 2000. However, the early success of the pilot lead to
AWE drilling many additional cyclic producers (Phase 5) surrounding the pilot, and
ultimately to Aera Energy putting the entire property on steam flood (Phase 6). The
closing date of the project was extended until March 2001 in order to monitor the results
of the additional thermal EOR activities on the property.

Cydlic steam baseline tests (Stage 3)

The Pru property had been operated almost continuously for over 70 years prior to being
shut-in in 1986. As a consequence there were many old wells and support facilities in
various states of disrepair at the site. In preparation for the Phase 3 cyclic injection and
production baseline tests, the site was resurveyed, an existing PLC panel was upgraded
with new dynamic surveillance software, many of the flowlines were replaced and the
production header was repaired and modified. In addition, a nearby idle freshwater
knockout (FWKO) was converted to the Pru wet lact; the old Pru wet lact was converted
to a well tester. Provisions were made for produced fluids to go through an existing
pipeline to a wet oil metering facility on the adjacent AWE Kendon lease, and then
processed through the Kendon tank facility. Clean oil volumes were allocated back to the
appropriate properties. Casing vent gases were taken also to the Kendon lease for
processing at compressor site K-1.

Eight idle wells on the shut-in Pru Fee demonstration site were inspected, repaired and
equipped as injection/production wells to be used in the baseline testing. In addition, a
new production well, Pru 101, and a temperature observation well, TO-1, near the center
of the demonstration site were planned, permitted and drilled. The wells were completed
and equipped in late September, 1995. A core through the Monarch Sand reservoir was
removed from the new producer, Pru-101, with over 80% recovery. The location of the
wells involved in the cyclic baseline testing are shown in Figure 2-11. By the end of
January 1996, all major work for the initial baseline testing on the Pru property was
successfully implemented. The site work was carried out under the supervision of Robert
Swain of AWE.

The first phase of baseline cyclic steaming began in November 1995 and was continued

into early 1996. During the first round, 70,000 barrels of steam was injected into 9 wells
near the center of the Pru Fee property. Production peaked at about 90 bbls/day shortly
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after the close of the first round, but within a period of weeks had dropped back to about
70 bbls/day. Production was dominantly from the new Pru-101 well. The lower than
expected flow rates from the refurbished wells is attributed to completion problems that
were investigated in subsequent steam cycles. Two of the older wells came back cold
immediately after steaming indicating a problem with either steam allocation among the
several wells in the test or loss of steam to higher stratigraphic intervals.
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Figure 211: Map of the Pru Fee property showing location of the eight refurbished
producers, the new Pru-101 producer and the single temperature observation well, TO-1.

The initial steam cycle demonstrated the need to better monitor both the flow of steam to

individual wells and the penetration of steam into the reservoir at each well. The second
round of steaming was begun in March 1996 under closer monitoring. This involved
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injecting one well at a time and surveying the formation intervals penetrated using
radioactive tracers.

One of the main objectives of Phase 1 was to return the Pru Fee property to economic
production and establish a baseline productivity with cyclic steaming. By the end of June
1996, all producers, except well Pru-101, had been cyclic steamed two times. Each steam
cycle was approximately 10,000 barrels of steam (BS) per well. No mechanical problems
were found in the existing old wellbores.

After the first round of steam cycles it was readily apparent that the new Pru-101 well
was producing much better than the old existing Pru wells. In fact, two of the old
producers had no response at all to the first steam cycle. There were several possible
explanations for the difference in performance, including (a) error in steam measurement
and/or allocation, (b) misplacement of steam in the reservoir, and (c) formation damage
in the older wells.
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Figure 2-12: A typical vertical steam entry profile that indicates all of the steam is being
confined to the Monarch reservoir with most of the heat distributed above the tubing tail,
as expected.

In each of the second steam cycles, only one well at a time was steamed using a single
dedicated steam generator to make sure that the measured volume of steam was accurate.
Injection tracer surveys (Fig. 2-12) also were run in each well during the cycle to
determine the vertical profile of steam entry into the reservoir. The surveys indicated
some variability of vertical profiles from well to well. However, none of the profiles
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appeared to be particularly unfavorable from the standpoint of heat distribution. There
were no obvious small thief zones taking all the steam, leaving the rest of the interval
unheated.

These initial attempts to restart production on the property demonstrated convincingly
that the reservoir would respond with commercially acceptable per-well oil rates. New
producers and start-up of steam flood would only enhance production. The integrated
reservoir characterization and production simulation study predicted gross expected
reserves at a realistic economic limit for an §-ac four-pattern pilot alone of 550 MBO.
This recoverable reserve estimate was derived from the oil rates simulated for a four-
pattern array in the center of the Pru Fee property using a 9spot, no cycles steam flood
base case. This base case used a constant steam rate of 300 bspd per injector (1200 bspd
for the entire pilot) over the life of the project. The simulation predicted an initial 10
bopd for new wells, ramping up to 29 bopd (320 bopd for entire pilot) in 16 months. The
production would remain relatively flat for 28 months, then start declining harmonically
at 40% towards the economic limit.

With a projected $1,900,000 gross capital investment for installing the four-pattern pilot,
the project had an estimated PW10 of $1,177,00<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>